Introduction
[2] The Alaska-Aleutian arc represents a highly active tectonic and volcanic environment, driven by subduction of the Pacific plate underneath the North American plate. In historical time (since 1760), at least 29 volcanic centers along the arc have erupted more than 265 times [Miller et al., 1998 ]. Since 1938, nearly all segments of the arc have ruptured in at least one M > 7.5 earthquake.
[3] The central part of the arc (Figure 1 ) is of particular interest for its volcanic as well as tectonic features. Volcanoes are spaced $40 km apart, but despite this closeness, they have quite different physical appearances, seismicity, and eruption behaviors. Two of the volcanoes on Unimak Island, Westdahl and Shishaldin (Figure 1 ), have erupted within the past 10 years. Westdahl erupted in 1991/1992, producing a basaltic lavaflow down its northeast flank [Miller et al., 1998 ]. The volume of the flow was $30-60 Â 10 6 m 3 [Rowland et al., 1994] . Interferometric synthetic aperture radar (InSAR) has shown that Westdahl has been inflating since then, at possibly variable rates [Lu et al., 2000a] . The Alaska Volcano Observatory (AVO) installed a seismic network around Westdahl in 1998 but has yet to register any significant earthquakes under the volcano. Between Westdahl and Shishaldin lies Fisher, a large Holocene caldera that was formed approximately 9100 years ago [Miller et al., 1998 ]. Although Fisher has been much less active than either Shishaldin or Westdahl in recent times, it shows high hydrothermal activity.
[4] Subduction processes in this area of the arc are not laterally uniform. To the east, in the western Shumagin segment, GPS measurements show that no strain is accumulating, indicating that the plates are not coupled and the Pacific plate is slipping freely underneath the North American plate [Freymueller and Beavan, 1999] . The situation is less certain to the west. The rupture zone of the 1957 M W 9.1 earthquake extends from the western end of Unimak Island westward to the Andreanof Islands [Kanamori, 1977] . This could indicate strong coupling between the North American and the Pacific plates, which would cause contraction across the arc and forearc during the interseismic period. Other studies [e.g., Johnson and Satake, 1993] show evidence that the western Unimak area did not rupture during the 1957 earthquake. The 1946 M S 7.4 earthquake may have ruptured a section of the megathrust offshore Unimak Island. This earthquake is notable because it generated a disproportionately large tsunami given its surface wave magnitude (tsunami magnitude, M t , 9.3 [Abe, 1979] ). This earthquake has been modeled as both a single couple source (landslide), as well as a standard double couple earthquake source. Kanamori [1985] preferred a landslide source, while several others have argued in favor of an earthquake source [Davies et al., 1981; Okal, 1988; Pelayo, 1990; Johnson and Satake, 1997] . Recently, Fryer et al. [2002] cited bathymetric evidence for the landslide source and suggested that a large landslide triggered by a small earthquake caused the tsunami, and the source process of the 1946 earthquake and tsunami is once again under debate.
[5] Geodetic observations have a relatively short history in the Aleutians, but have proven increasingly useful to detect volcanic unrest, learn about characteristics specific to individual volcanoes, and determine the principal tectonic mechanisms. In this paper, we analyze GPS data from Unimak Island acquired between 1998 and 2001 and interpret the observed deformation in terms of volcanic and tectonic activities. We focus on the deformation of Westdahl and Fisher volcanoes and the plate coupling in the source region of the 1946 earthquake.
GPS Data
[6] Measurement of the GPS network on Unimak Island volcanoes (Figure 2 ) began in 1998. Observations were made at 5 stations around Westdahl volcano. In 1999, these stations were reoccupied, and seven new stations were established, five of them in neighboring Fisher caldera. In 2000, all stations except FC03 and in 2001 all stations in Fisher caldera and several on Westdahl were resurveyed. Most surveys lasted for one or more 24-hour session, but in some cases, time limitations allowed only a short (several hour) occupation. Stations KATY and PANK at the east end of the island have a longer observation history, going back to 1993 and 1995, respectively. KATY served as reference station during all recent campaigns, and PANK was resurveyed during the last campaign in 2001.
[7] The GIPSY software [Zumberge et al., 1997] was used to analyze the GPS data. Daily solutions were transformed to the ITRF97 reference frame [Boucher et al., 1999] , and combined to estimate site velocities. Details of our analysis methods are given by Freymueller et al. [ , 2000 . To obtain velocities relative to the North American plate (NOAM), we used the pole and rotation for the ITRF97-NOAM relative motion given by Sella et al. [2002] . Uncertainties in the estimated velocities are scaled such that the reduced c 2 statistic of the velocity solution equals 1.0. Typical uncertainties in the horizontal components are 1 -2 mm yr À1 . Uncertainties in the vertical component are larger, generally 4 -6 mm yr À1 . We use both horizontal and vertical GPS velocities, weighted by their covariances, for the data inversion.
[8] To investigate deformation on the island, we compute velocities relative to station KATY (Table 1 and Figure 2 ). Because of its location, KATY is presumably not influenced by volcanic deformation, nor does it experience strain accumulation resulting from subduction [Freymueller and Beavan, 1999] . This is supported by our new data which show that station PANK does not move relative to KATY (Figure 2 ). Relative to North America, KATY moves 4.0 ± 0.5 mm yr À1 oriented toward N214 ± 8°E, and PANK and other sites along the Alaska Peninsula immediately to the east show similar velocities [Freymueller and Beavan, 1999] .
[9] On Unimak Island, the data show general uplift and outward radial displacement at Westdahl volcano and subsidence and contraction across the caldera floor at Fisher. There is no obvious signal caused by a locked subduction interface, except perhaps at Scotch Cap (SCAP) (Figure 2 ). All velocites are averaged over the whole observation period (3 years at Westdahl, 2 years at Fisher), because most sites have too few occupations to construct a more detailed time series.
Models
[10] We model the GPS data in terms of volcanic and tectonic deformation, using an elastic half-space model. On the basis of the radial deformation pattern and previous modeling work by Lu et al. [2000a] , we assume a pressure point source [Mogi, 1958] underneath Westdahl volcano. For Fisher, we investigate a variety of models: a Mogi point source like the one used at Westdahl, a rectangular dislocation source [Okada, 1985] , and a finite ellipsoidal pressure source [Yang et al., 1988] . Strain accumulation across the subduction boundary is modeled using dislocation theory as virtual normal slip on the locked part of the plate interface [Savage, 1983] .
[11] We use a random cost algorithm [Berg, 1993] to invert all three components of the GPS data. We apply a bootstrap method to estimate 95% confidence intervals for the model parameters. For a detailed discussion of the methods and their applications to geodetic data, see Cervelli et al. [2001] . In a first model run, we jointly invert for two volcanic sources, modeling a full set of parameters, four for the point source, and eight for either the dislocation or the finite ellipsoidal source. In a second run, we include strain accumulation due to subduction at the west end of Unimak Island by estimating two additional parameters, the width of the locked interface and the degree of coupling.
Volcanic Deformation
[12] From models based on InSAR observations between 1993 and 1998 [Lu et al., 2000a] Uncertainties are 1s.
[13] The best fit rectangular dislocation source underneath Fisher caldera is 13.7 km long and 0.5 km wide, and its upper edge is located at 1.6 km depth. The plane strikes N35°E, and it dips 80°to the NW. The amount of contraction is 0.3 m yr
À1
. The best fit ellipsoidal pressure source has a similar location and extent as the rectangular dislocation. Its center is located at 2.1 km depth, its semimajor axis is 4 km long, the semiminor axis is 0.5 km, and the pressure change is À25 kPa yr
. The best fit Mogi source is located in the approximate center of the caldera at 3.5 km depth. It requires a subsurface volume change of À1.3 Â 10 6 m 3 yr À1 .
[14] The best overall fit to the data is provided by a combination of a Mogi point source beneath Westdahl and a dislocation source beneath Fisher caldera, with a sum of squared errors (SSE) of 33.60. A combination of a Mogi source and a finite ellipsoidal source gives an SSE of 75.12, and a combination of two Mogi sources gives an SSE of 82.56. Figure 3 shows the data and velocities predicted from the best fit model combination for the two volcanic sources. Tables 2 and 3 summarize the parameters and their uncertainties for the Mogi source and the dislocation source, respectively.
[15] While all model parameters for the Mogi source underneath Westdahl, especially the source location, are well constrained, several parameters of the dislocation underneath Fisher are not. In particular, the length of the dislocation plane has large uncertainties. Depth and dip are bimodally distributed, allowing for either of two geometries: shallow and vertical, or deeper and horizontal ( Figure 4a ). In all best fitting models, however, the product of the contraction and the area of the dislocation remains nearly constant at 2.0 Â 10 6 m 3 yr À1 .
Strain Accumulation Due to Subduction
[16] Johnson and Satake [1997] modeled the 1946 tsunami waveforms assuming an earthquake source, and suggested that 9 -10 m of slip on a shallow fault plane 100 by 80 km in size (M W 8.4) explained the tsunami waveforms. Such a large amount of slip is similar to that observed in 1964 in the Kodiak asperity, the smaller asperity that ruptured in the 1964 Alaska earthquake [Johnson et al., 1996] . If such a large amount of slip occurred in the 1946 earthquake, we would expect to find geodetic evidence for a large locked patch offshore of Unimak Island, similar to the large locked patches that correspond to the two 1964 earthquake asperities [Zweck et al., 2002] . Such a locked patch would cause significant strain across Unimak Island and motion of sites in the direction of relative plate motion. Conversely, the lack of such strain and that component of velocity would argue in favor of the landslide source for the 1946 earthquake.
[17] Freymueller and Beavan [1999] showed that there is no strain accumulation in the western Shumagin segment of the arc, which lies at the eastern boundary of our study area. This results from free slip on the plate interface due to weak frictional coupling. Our reference station KATY is within this free-slip area (Figure 1 ). Because station FC04 shows no movement relative to KATY (Figure 2 ), we assume that deformation in Fisher caldera is not affected by subduction- related strain accumulation either. A fully locked subduction zone offshore of this part of Unimak Island would produce $10 mm yr À1 of motion of FC04 relative to KATY, so we can clearly rule out this possibility. At Westdahl, only one station (SCAP) shows displacements that deviate from the radial pattern around the volcano. We thus assume that only SCAP and the stations closest to it (WESS, WFAR, and WPOG) might possibly be affected by subduction-related strain. Thus we assume that the coupled segment west of Unimak can extend no farther east than the western end of Unimak. Johnson and Satake [1997] modeled the 1946 earthquake as resulting from slip directly offshore of Unimak Island, where we infer free slip. This suggests that much of the source zone of the 1946 earthquake is weakly coupled, but we must consider the possibility that the megathrust offshore of westernmost Unimak Island might be strongly coupled.
[18] In our model for the subduction zone, we hold the location, strike, dip, slip and depth of the megathrust fault plane fixed. The values used are based on bathymetric maps, earthquake focal mechanisms from the Harvard centroid moment tensor (CMT) catalog (http://www.seismology.harvard.edu/projects/CMT), and the revised NUVEL-1A plate motion between the Pacific and the North American plates [DeMets and Dixon, 1999] . The strike and dip of the fault plane are N56°E and 21°, respectively, and the depth of the updip end of the locked zone at the trench is 7 km. The plate velocity is 66.8 mm yr À1 and true trench normal. The two additional model parameters we estimate are the width of the locked interface and the degree of interseismic coupling. The degree of coupling is defined as the ratio of the virtual slip rate to the relative plate speed [Savage, 1983] . Zero coupling implies free slip. The estimated values for the volcanic sources are very similar to the first model run, and are summarized in Tables 2 and 3, respectively. [19] In the best fit model, the estimated width of the locked zone is 65 km, and the degree of coupling is 30%. With an average dip of 21°this would lead to a maximum depth of 30 km for the lower end of the locked zone. This narrow zone of weak coupling results from the lack of obvious contraction in the direction of plate motion. A zone of weak coupling helps to explain the deflection of the SCAP velocity from the radial pattern but must be small enough not to change the velocities of the other sites. Fitting our whole GPS data set (36 observations) with just volcanic sources gives an SSE of 33.60. Adding two parameters for the subduction component reduces the SSE slightly to 32.56. This improvement is not statistically significant at the 95% confidence level, based on an F test.
Model Interpretation and Discussion

Inflation of Westdahl
[20] The GPS data show inflation of Westdahl volcano between 1998 and 2001. This inflation has continued since at least 1993, as shown by SAR interferometry [Lu et al., 2000a] . Compared with the InSAR results, which span the earlier time period between 1993 and 1998, the rate of inflation from 1998 to 2001 might have decreased slightly. The calculated volume change rate is only $70% of that Figure 4a shows that depth and dip of the dislocation source are bimodally distributed, allowing either a shallow and vertical, or deeper and horizontal geometry. Figure 4b shows the trade-off between source depth and volume change. Models with a shallow depth and low volume change give a similar good data fit as models with greater depth and higher volume change. derived from InSAR, and the source depth is shallower by 1.7 km. Both depth and volume change are within uncertainties of GPS and InSAR modeling, however, and the difference could be explained by the trade-off between source depth and strength (Figure 4b ). This means that a shallower source could produce a deformation pattern that is indistinguishable from a deeper and stronger one, given the current network geometry and data precision.
[21] The GPS model places the source location 3.5 km farther north than the InSAR model. This is slightly outside the uncertainty range and may indicate a true movement of the source. A comparison between GPS and InSAR modeling results for source location and depth is shown in Figure 5 .
[22] From these deformation observations alone it is difficult to judge whether activity at Westdahl is generally decreasing or actively building toward a new eruption. Possible indicators for an impending eruption at Westdahl would be an increase in deformation rate, movement of the source to significantly shallower levels, or an increase in seismicity. We do not know at what timescales these precursors would occur, but we do have additional information from seismicity and mass balance calculations about the state of the system. Deformation at Westdahl is occurring aseismically, with only very few (<5) high-or lowfrequency events detected since installation of the seismic network in 1998. This suggests that magma has not moved to shallower, more brittle levels of the crust, and thus the deformation is resulting from a relatively stable source at depth. No seismic records exist prior to the 1991/1992 eruption, and so it may require a new eruption to learn whether there are long-term seismic precursors or if the aseismic behavior is typical for activity at Westdahl.
[23] The total subsurface volume increase during the InSAR and GPS observation period (1993 -2001 [Rowland et al., 1994] . This suggests that the magma refilling process may be completed and/or that the pressure in the system is increasing. This is neither a necessary nor a sufficient condition for a new volcanic eruption, but it is compelling evidence that the magmatic system is highly active.
Subsidence and Contraction of Fisher Caldera
[24] Most historical unrest at large calderas is caused by a combination of local magmatic, tectonic, or hydrologic processes [Newhall and Dzurisin, 1988] . We examine the following mechanisms to explain the subsidence and contraction of Fisher caldera: removal and migration of magmatic or hydrothermal fluids, magma crystallization and thermal contraction, and depressurization of the hydrothermal reservoir. There is no indication of tectonic causes, like regional crustal extension, for caldera subsidence.
Removal and Migration of Magmatic or Hydrothermal Fluids
[25] The volume decrease rate inferred from the dislocation model is 2.0 Â 10 6 m 3 yr À1 between 1999 and 2001. No magma extruded during this time, and there is no evidence for uplift caused by shallow intrusions or migration of fluids with in the caldera, as observed in Yellowstone caldera over similar times cales [Wicks et al., 1998 ]. All GPS sites inside Fisher caldera are subsiding. We cannot completely rule out the possibility of intracaldera migration, however, because too few sites were surveyed precisely every year to resolve variations within the 2-year observation period.
[26] Areas of uplift do exist at greater distances from the caldera. Westdahl volcano, 20 km to the southwest, has been inflating during that time, as discussed above. Shishaldin volcano, 20 km to the northeast, shows local inflation northwest of the central cone [Masterlark et al., 2001; D. Mann, unpublished data, 2001] (Figure 6 ). It seems unlikely, however, that magma from a shallow (2 km) reservoir at Fisher would move back down to a much deeper (7 km) reservoir at Westdahl. There is no evidence from the GPS data that would indicate this intrusion. In the area between Fisher and Shishaldin we have little control from the geodetic data, and could have missed an intrusion. Current evidence based on isotopic d
18
O data for Fisher tephras shows, however, that the magmatic systems of the Unimak island volcanoes are not connected [Bindeman et al., 2001] ). Thus migration of magma from the chamber below Fisher to Westdahl or Shishaldin seems unlikely.
Magma Crystallization and Thermal Contraction
[27] The active hydrothermal system, the acidic overturning lake, plumes in one of the other intracaldera lakes (Figure 6 ), and the occasional strong sulfur smell are all strong evidence for a magmatic heat source beneath Fisher. Our best fit deformation model has the geometry of a shallow dike or somewhat deeper sill, with a contraction rate of $0.3 m yr
À1
, if all of the deformation is to be explained by volume rather than pressure change. We will assume here that it represents a dike. Such a dike may have been intruded any time before the start of our observations in the summer of 1999. The observed subsidence and contraction could then result from contractional cooling and gas release during crystallization.
[28] The thermal contraction of such a dike is given by
where ÁV is the resulting volume change, V is the total volume of the dike, a v the volumetric coefficient of thermal expansion, and ÁT the temperature drop due to cooling. The total volume and temperature drop are both unknown. a v is on the order of $10 À4 K À1 for silicate melt and $3 Â 10 À5 K À1 for typical minerals of crystallizing magma [Williams and McBirney, 1979] . With an average estimate of a v = 10 À5 K
, the modeled total volume decrease, ÁV = 4.0Â10 6 m 3
, and an area of the dike (length times width, see Table 3 ) of 7 Â 10 6 m 2 , we obtain hÁT = 57,000 [m K], with h being the thickness of the dike in meters. Even with the maximum plausible amount of cooling, the result of this calculation would imply a giant dike on the order of tens to hundreds of meters thick (Figure 7a ). It is unlikely that a shallow dike emplacement of this size would have gone unnoticed any time within the last few decades, even without seismometers in place locally. On Akutan Island, 150 km to the southwest of Unimak, the intrusion of a 2.5 m thick dike at 0.5 km depth was accompanied by an intense earthquake swarm that was felt widely across the island and recorded teleseismically [Lu et al., 2000b] . Figure 6 . Summary of volcanic, hydrothermal, and tectonic activity on Unimak Island. Westdahl has been inflating since the last eruption in 1991 -1992. Shishaldin erupted in April 1999 and shows localized inflation on the northwest flank. Fisher caldera's hydrothermal system is expressed through fumaroles, hot springs, an acidic, actively overturning lake, and a temporary plume in one of its other lakes, which was observed during the summer of 2000. Earthquakes shown are detected high-frequency events between July 1998 and July 2001, the period of the GPS survey. The M 5 earthquake occurred on 4 March 1999. Events in that area declined in number but continued throughout the GPS survey period. Notice the absence of significant seismicity accompanying inflation of Westdahl. Data are from the Alaska Volcano Observatory seismic network.
[29] An additional source of volume loss could be gas release during crystallization, which is another consequence of the cooling process. Assuming that the main gas released is water vapor, the maximum volume loss due to this process is given by
where m is the mass, r is the density, and the indices g and b denote gas and bulk magma properties, respectively. We calculate the volume ratio for a basaltic melt with originally 3 wt % water at a pressure of 45 MPa (corresponding to 1.6 km depth), and at a temperature of 1100°C. Using the relations described by Philpotts [1990] , we find that $55% of the original dike volume could be released as water vapor if all water was lost. This implies a minimum dike thickness of 1 m to account for the total volume loss we observed. A dike of this thickness, however, would solidify within $2 weeks, meaning that it would be required to have been emplaced just prior to when our observations started.
[30] It seems unlikely that we timed our first survey right after the intrusion of a 1-m-thick dike and captured the short time period of solidification and complete degassing, which would also imply that most of the deformation observed occurred within days after the first survey.
[31] If only part of the gas was released during crystallization, the required dike thickness increases accordingly (Figure 7b ), resulting in a longer solidification time and extending the possible time period in which emplacement could have occurred. If we assume a sill geometry, then a thicker (and less crystallized) sill is more plausible than a very thick dike. Cooling times for a sill would be slightly increased, extending the possible emplacement time period even further.
[32] It thus appears most likely that deformation has been caused by a partly degassed dike or sill. Such a dike or sill could have been emplaced in conjunction with seismic activity between Fisher and Shishaldin starting in March 1999 (Figure 6 ), 4 months before the first survey in Fisher caldera. A dike or sill between 8 and 18 m thick that then solidified during the GPS survey period from July 1999 to July 2001 and lost $10% of its original gas volume, would be in agreement with the GPS data, but the size of this dike or sill requires us to consider alternate mechanisms to explain the observed deformation.
Depressurization of the Hydrothermal Reservoir
[33] The fact that the location of our best fit sources, both the dislocation source and the ellipsoidal pressure source, coincide with the areas of highest hydrothermal activity (Figure 6 ), suggests a close connection between deformation and changes in the hydrothermal system. Depressurization could be the current state in a system of cyclic increase and release of pressure. In this model, increase of pressure is caused by trapping of fluids and gases beneath an impermeable layer, possibly created by crystallization of an underlying magma body, and decrease of pressure follows when the impermeable layer ruptures and fluids and gases escape [Dzurisin et al., 1994] . The existence of such a selfsealed layer is reported from several hydrothermal systems in calderas, like Yellowstone and Campi Flegrei [Dvorak and Dzurisin, 1997] . Rupture of this layer might be triggered by a nearby earthquake.
[34] The history of recorded seismicity on Unimak island is relatively short, starting with the installation of a seismic network around Shishaldin by the Alaska Volcano Observatory in 1997. The main seismic activity since then was a shallow earthquake sequence with an M L 5 main shock, located $10 km NE of Fisher and 14 km west of Shishaldin, that occurred in March 1999. Prior to this, no shallow earthquake M > 4.5 has been located in the vicinity of Fisher since the start of the National Earthquake Information Center (NEIC) database in 1973. Therefore the 1999 event would be the most likely candidate for a trigger. The earthquake sequence was located outside of the caldera (Figure 6 ), but this is similar to events at Long Valley caldera in 1978 -1980 [Savage and Clark, 1982 Hill et al., 1985] and Yellowstone caldera in 1959 and 1985 [Savage et al., 1993] , where a connection between seismicity outside and deformation inside the respective calderas was detected. The 1985 earthquake swarm outside of Yellowstone caldera coincided with the onset of caldera subsidence after longterm uplift before 1984 and no detectable movement between 1984 and 1985 [Dzurisin et al., 1994] . The 1999 Unimak earthquake occurred 6 weeks before Shishaldin erupted in April 1999. It is unlikely that this earthquake Figure 7 . Dike thickness as a function of cooling rate if deformation is caused by (a) contractional cooling alone or (b) contractional cooling plus degassing of the magma. Contractional cooling alone would require a giant dike even at the highest possible cooling rates. If part of the volume loss is caused by degassing of the magma, the required dike thickness reduces to 1.0 to 10 m. Curves represent degassing of 10%, 50%, and 100% of a melt with originally 3 wt % H 2 O at a pressure of 45 MPa. triggered the eruption, but it could have occurred as a direct result of a dike injection beneath Shishaldin [Moran et al., 2002] . In this scenario, activity at Shishaldin would have caused changes in Fisher's hydrothermal system without any magma exchange.
[35] To assess the depressurization process quantitatively, we modeled the deformation using a finite ellipsoidal pressure source instead of a dislocation model. We estimate an average pressure decrease of 25 kPa yr
À1
. Assuming that this pressure decrease is caused by the release of gas, we use the ideal gas equation
where P is the pressure, V is the volume, n is the number of moles, R is the universal gas constant, and T is the temperature, to calculate the amount of gas released. We set P and V equal to the results from the deformation modeling, the pressure release and the volume of the ellipsoid, respectively. T is assumed to be 100°C, as an average fumarolic temperature. No detailed gas chemistry analysis has been conducted for Fisher caldera, but the typical composition of gases emitted from fumaroles associated with volcanic vents in the Aleutians is $99 mol % H 2 O, 0.8 mol % CO 2 , and 0.2 mol % SO 2 and H 2 S [Motyka et al., 1993] . Using this composition, we find that $640 kt yr
H 2 O, $13 kt yr À1 CO 2 , and $4 kt yr À1 SO 2 and H 2 S combined would be released. Compared with similar systems, these are typical background levels, and about one order of magnitude smaller than the tree-killing CO 2 emissions at Mammoth Mountain [Farrar et al., 1995] , and $2 orders of magnitude smaller than emissions during excessive degassing at other volcanic system, e.g., IzuOshima between 1988 [Kazahaya et al., 1994 . In situ measurements of actual gas emissions and comparison with the predicted values would be necessary to evaluate the contribution of hydrothermal depressurization, caused by release of formerly trapped gases after rupturing a seal, to the observed subsidence.
No Significant Strain Accumulation Across Unimak Island
[36] The interseismic degree of coupling at the subduction interface at the western end of Unimak Island is difficult to determine but is clearly low. This result is somewhat surprising, given the earthquake history of the region. Figure 8 shows the mean square error (MSE) versus the effective locked fault width (defined as fault width times the degree of coupling) when all volcanic source parameters are held fixed at the best fit model values. Within the 95% confidence range, the upper bound for the effective width of a locked zone starting at the trench is 48 km. The best estimate for the effective locked width is 20 km.
[37] If we assume that the lower end of a locked zone is not deeper than 35 km, a typical figure for the bottom of the seismogenic zone [Tichelaar and Ruff, 1993] , the width should be less than 80 km for geometric reasons. This constrains the maximum allowable degree of coupling to 60%. In this case, as well as in the best fit model obtained from modeling width and coupling as independent parameters (65 km width, 30% coupled), the 1957 aftershock zone would not be part of the locked area, because it is located at greater depth. Any locked patch within the 1946 rupture zone must be either weakly coupled or small, or both. Zweck et al. [2002] suggested that the locked patches observed with GPS geodesy are in fact the asperities that ruptured in the last earthquake cycle; based on this interpretation, we infer that if an asperity is present in the 1946 earthquake source region, it must be small.
[38] It is important to note that at the 95% confidence level, a completely locked zone of up to 48 km width cannot be distinguished from a completely unlocked interface (Figure 8 ). This means that across the entire island no significant strain accumulation due to subduction is observed. Our results are contrary to what would be expected from an 80-100 km wide asperity capable of slipping 10 m in an earthquake. In deriving this upper bound, we have assumed that the megathrust is locked and thus seismogenic all the way out to the trench, a assumption similar to that of Johnson and Satake [1997] . If, instead, the updip limit of the locked zone is some distance inboard of the trench, as is often assumed, the maximum allowable locked zone shrinks because we can only allow a locked region small enough not to cause a significant observed deformation signal. The upper bound on the allowable locked zone would shrink substantially with more precise GPS data, particularly for the sites on the south side of Westdahl.
[39] It is plausible that a fully locked zone 20 km wide and 80-100 km long could generate an M S 7.4 earthquake, but slip over such a limited area cannot explain the giant 1946 tsunami [Johnson and Satake, 1997] . Thus the absence of strain due to the megathrust is a powerful argument in favor of a landslide source for the 1946 earthquake and tsunami. The GPS data are not violated by the presence of a relatively small asperity located close to the trench. In the scenario outlined by Fryer et al. [2002] , rupture of such an asperity in an earthquake of M S 7.4 or smaller would then have triggered a large landslide, generating the huge tsunami. Fryer et al. [2002] showed evidence for several large submarine landslides offshore of Unimak Island and the eastern Aleutian arc. One of these landslides is located in the right place to be the cause of the 1946 tsunami (G. Fryer, personal communication, 2002) . Although none of these features have been sampled, and thus their dates are unknown, Fryer et al. [2002] suggested that such landslides have been fairly common (over geologic time).
Translation of the Alaska Peninsula and Unimak Island
[40] Relative to North America, station KATY as well as other sites along the Alaska Peninsula immediately to the east move consistently at $4 mm yr
À1
, with a direction oriented slightly more southerly than trench parallel or slightly toward the trench (Figure 9 ). Freymueller and Beavan [1999] found that the only component of the strain tensor that was marginally significant was a trench-parallel extension that was not significantly different from zero at the two sigma level. The velocities of those sites relative to North America agree with the direction of maximum extension. Because there is no sign of strain associated with the subduction earthquake cycle, we interpret these velocities to indicate southwestward translation of this portion of the Alaska Peninsula relative to North America. Data from sites further to the northeast suggest that the entire Alaska Peninsula may move at about the same rate. Fletcher et al. [2001] found a significant trench-parallel component of $5 mm yr À1 in velocities of sites in the Semidi Islands, 200 km SW of Kodiak Island and 400 km NE of Unimak. VLBI data from Sand Point in the Shumagin Islands also showed a significant trench-parallel component of velocity [Ma et al., 1990] , which was mysterious at the time.
[41] This southwestward translation of a large section of the Alaska Peninsula and Aleutian Arc, including Unimak Island, relative to North America, could result from any of three different mechanisms: (1) motion of the Bering Sea microplate [Mackey et al., 1997] ; (2) translation of a large section of southern Alaska on the Denali fault system [Fletcher, 2002] ; or (3) translation of a forearc/arc sliver resulting from oblique subduction [e.g., McCaffrey, 1992] . Farther to the west, Ave Lallemant and Oldow [2000] presented GPS data that shows westward translation of much of the Aleutian arc, which increases from a few millimeters per year at Dutch Harbor (located 200 km southwest of Unimak) to as much as 30 mm yr À1 at Attu in the Western Aleutians.
Conclusions
[42] GPS data acquired between 1998 and 2001 show active deformation of two of the volcanoes on Unimak Island, Westdahl, and Fisher. Westdahl has been continuously inflating since its last eruption in 1991/1992, with a source at 7.2 km depth beneath the surface. Mass balance calculations show that more new magma has already accumulated since 1993 than was previously erupted in 1991/1992. No seismic activity has been reported, and during the three years of the GPS campaign inflation has been completely aseismic.
[43] Contraction and subsidence in Fisher caldera cannot be related to any eruptive activity. It is best explained by degassing and thermal contraction of a shallow crystallizing magma body or depressurization of Fisher's hydrothermal system. In either case, a recent intrusion beneath Fisher is required. Future measurements may help to identify the dominant process. In the case of cyclic changes of the hydrothermal system as cause for the deformation, Figure 9 . Velocities of selected GPS sites on Unimak and Sanak Islands, the Shumagins, and the Alaska Peninsula relative to North America. Error ellipses indicate 95% confidence regions. All sites show displacement of $4 mm yr À1 to the southwest, slightly toward the trench. Data from additional sites are shown by Freymueller and Beavan [1999] . the rate of contraction should not only decrease with time as the system reequilibrates but eventually reverse into inflation.
[44] In a regional tectonic framework, the GPS data show that at the 95% confidence level there is no significant strain accumulation due to subduction across Unimak Island. The only evidence for subduction-related deformation is at the western end of the island, but the coupling of the plate interfaces is either low or limited to a width of 48 km or less. The lack of strain observed within the region of the 1946 tsunami earthquake is contrary to what would be expected if there was a large locked patch on the megathrust capable of generating the 1946 tsunami and is strong evidence in favor of a landslide source for that earthquake and tsunami. Relative to North America, stations on Unimak move SW-ward, following a trend observed by other workers along large sections of the Alaska Peninsula and Aleutian arc.
